Abstract EAST has demonstrated its capability of long pulse operation using RF heating (LHCD and ICRF) in past experiments. One key issue to realize the long pulse H-mode experiments is to sustain the plasma current for steady state operation. Based on the calculations of the transport code ONETWO and its coupled RF code GENRAY, two scenarios have been proposed to achieve the 10 s H-mode plasma with Ip=400 kA, < ne >=4.5×10
Introduction
The magnetic fusion concept known as the tokamak has been most successful in producing and maintaining plasma with parameters of density, temperature and energy confinement time closest to those required in a fusion power reactor [1] . An essential feature of tokamak plasmas is the presence of a toroidal current in the plasma itself. Normally, this current is established and maintained in the plasma by a transformer in the centre of the device (inductive drive). This implies that the configuration can be maintained only for a limited time determined by the magnetic flux available. This limitation can be avoided or relaxed if the toroidal plasma current is driven non-inductively. In many experiments, injection of neutral beam (NBI) and powerful radiofrequency (RF) wave in plasma have been utilized to drive this toroidal current. In addition, the tokamak plasma itself produces a non-inductive current, i.e. the bootstrap current due to the pressure gradient.
The ITER baseline scenario [2] , i.e. the standard H-mode operation, does not allow a complete noninductively driven plasma current. The so-called advanced scenarios in fusion experiments seek to improve confinement and stability over the standard H-mode in order to maximize the bootstrap current and thus to lengthen the plasma operation time. Two main types of advanced scenarios, i.e. the steady-state scenario and the hybrid scenario, are being developed in present tokamak devices [3, 4] . Typically, the plasma in the steady-state scenario has a central safety factor q 0 >1.5, with either weak |q 0 − q min | ∼ 0.5 or strong q 0 q min reversed magnetic shear. This kind of q-profile is used to obtain internal transport barriers (ITBs), which can provide sufficient bootstrap current for steady-state operation. In the hybrid scenario, the plasma has a stationary current density profile with weak or low magnetic shear, q 0 ∼1 and q 95 ∼4. Compared to the ITER baseline scenario, the hybrid scenario allows the plasma to operate at a lower current but higher normalized beta, β N , and could substantially lengthen the discharge duration. In order to lengthen the pulse length of the H-mode plasma, advanced scenarios are being developed in present tokamak devices, such as JET [5−9] , JT-60U [10−12] , DIII-D [13] , ASDEXUpgrade [14, 15] .
In the 2012 campaign, a 32 s (about 20τ R , where τ R is current diffusion time) H-mode with small ELMs has been achieved on EAST [16] . The first wall is molybdenum and the divertor is covered by carbon * supported by the National Magnetic Confinement Fusion Program of China (Nos. 2014GB106000, 2014GB106001, and 2014GB106003) and National Natural One key issue to achieve long pulse operation is to maintain the plasma current. Predictions of the two planned experiments have been done using transport code ONETWO [17] and its coupled RF code GENRAY [18] . Based on these calculations, two scenarios for the two planned experiments have been proposed in section 2. Due to the importance of current drive by LHW in the two experiments, a preliminary study of lower hybrid current drive in H-mode plasma will be presented in section 3. Lastly, a discussion and summary will be given in section 4.
2 Current calculations for long pulse H-mode plasmas using RF heating
In the previous experiments, heating power on EAST is relatively low and the β N is generally less than 1. In the next campaign, a new LHCD system at frequency of 4.6 GHz with a total power of 4 MW will be installed and the ICRF power will be upgraded to 12 MW with the new antennae [19] . By virtue of the upgrade of the EAST RF heating power system, higher β N is possible. Based on the energy confinement time scaling law (ITER98y2), we have estimated the required power for EAST plasma to achieve higher β N in the case of H 98 =1 (Fig. 1) . The required power is not sensitive to the plasma current (since in the ITER98y2 scaling law, τ E is proportional to I 0.93 p ), but very sensitive to the β N and the density. For β N <2, n e =4×10 19 m −3 , the required power is about 7 MW which is expected in the coming EAST campaign. One of the key issues for long-pulse discharge is to sustain the plasma current. The plasma current is the combination of Ohmic current, auxiliary driven current (from NBI or RF waves) and bootstrap current. Previously the plasma performance of EAST is low (low density and low beta), so the fraction of bootstrap current is small. But the efficiency of LHCD is relatively high at low density. For EAST 32 s H-mode discharge [16] , the plasma current is mainly driven by LHCD, with some small Ohmic current; while for 400 s L-mode discharge [20] , the plasma current is almost entirely from LHCD. For the two planned experiments, i.e. the 10 s H-mode with I p =400 kA, H 98 ∼1, β N ∼2 and the 100 s H-mode at relatively lower plasma parameters (I p =280 kA, H 98 ∼1, β N <2), we have done some numerical simulations to calculate how to sustain the current and to see whether the magnetic flux is enough for the current sustainment with the available RF heating power. The simulation is performed with transport code ONETWO and its coupled RF code GENRAY. In the simulations, the density and temperature profiles are fixed. GENRAY was used to calculate the driven current and ONETWO was used to capture the evolution of the plasma current to steady-state. Then each component of current profiles could be calculated. We have done such calculations for EAST discharge 40823. The calculated surface voltage is about 0.31 V which is close to the experimental value of 0.3 V. For the prediction of the two planned experiments, we proposed two scenarios for EAST long-pulse H-mode discharges. The parameters of the two scenarios are shown in Table 1 . The major difference between the two scenarios are the plasma current I p and the β N /β p values. In the two scenarios, the density and temperature profiles are based on EAST experimental results, but scaled to match the desired line-average density and β N . Scenario 1 is based on the EAST discharge 38300 while scenario 2 is based on EAST discharge 40823. The plasma in discharge 38300 (shown in Fig. 2 ) with B t = 1.9 T, I p = 400 kA, n e < 4 × 10 19 m −3 was heated by ∼1.3 MW lower hybrid wave (LHW) and ∼0.9 MW wave in ion cyclotron range of frequency (ICRF). The electron density and temperature were measured by Thomson scattering diagnostics [21] and the T i profile was taken from X-ray imaging crystal spectrometer (XCS) [22] . The T e profile is fitted with a tension spline function [23] . The XCS measurement on EAST has merely the central region data, so T i is scaled from T e to match the XCS data at the central region and to get T i = T e at the edge region. Currently on EAST, T i and T e at the edge region are relatively low and the collision frequency is large, so the T i = T e assumption is reasonable. n e profile is also fitted with the tension spline function profile. In these fittings, the knot locations are chosen to make the fitted profile monotonic and smooth. The fitted density profile is also checked with the line average density measurement. Fig. 3 shows the T e , T i and n e profiles at t=3.9 s. In scenario 1, the density and temperature profiles in Fig. 3 were scaled to make line average density < n e >= 4.5 × 10 19 m −3 , and β N = 2. The density and temperature profiles after scaling are shown in Fig. 4(a) and (b) , respectively. These profiles will be used for the current calculations in scenario 1. With the transport code ONETWO and its coupled RF code GENRAY, we evolve the current to steady state and calculate each current component in the steadystate. The bootstrap current is calculated from the Sauter model [24, 25] . The parameters of LHCD are: absorbed power P LHCD = 1.5 MW, parallel refractive index n || =2.1, wave frequency f =2.45 GHz. Fig. 4(c) gives the final q profile and Fig. 4(d) gives the profiles of each current component. It is a normal reversed q profile, but q min ≈0.2 is small, since LHCD power deposits at this location. The bootstrap current I bs ≈174 kA and LHCD driven current I LHCD ≈114 kA lead to an Ohmic current I ohm ≈112 kA and loop voltage at plasma surface V surf ≈0.08 V. On EAST, the voltage-second for flattop is about 4 Vs, so for this scenario V surf =0.08 V will make the voltage-second high enough to sustain 10 s. In scenario 2, the density and temperature profiles in EAST discharge 40823 (shown in Fig. 5 ) were scaled to make < n e >=3.5×10
19 m −3 , β N =1.8. The ONETWO and GENRAY codes are used to evolve the current to steady state. In the steady state, the bootstrap current I bs ≈173 kA, LHCD driven current I LHCD ≈93 kA, Ohmic current I ohm ≈14 kA, toroidal voltage at plasma surface V surf ≈0.02 V. So EAST has enough flux to sustain 100 s discharge in scenario 2. The density, temperature, q and current profiles in steady state are shown in Fig. 6 . It has a strong reversed q profile, and the q min is 2.6. So there will be no dangerous instability of 2/1 or 3/2 NTMs. A power of 4 MW at 2.45 GHz LHW system has been installed in EAST. It contains 20 main waveguides with a 5×4 alignment. The parallel refractive index of LHW could be varied from 1.85 to 2.6 by phase adjustment. The LHCD efficiency (typically in L mode plasma) has been investigated in ASIPP with quite a few studies [26, 27] and references there in. The experimental LHCD efficiency, η exp , is defined as n e I LH R/P LH , where n e is the plasma density, I LH is the driven current by the lower hybrid wave injection, R is the major radius of EAST, P LH is the LHW power. In previous studies, it has been pointed out that the LHW coupling and current drive efficiency in high density regime are two critical issues for the LHCD in H-mode plasma.
In order to predict the EAST long pulse operation, the EAST lower hybrid current drive in the H-mode discharge has been investigated, using the data from the 2012 EAST campaign. This was done by studying the LHW modulation discharges. One typical LHW modulation discharge is presented in Fig. 7 . The main parameters in this discharge (EAST discharge 41989) are: Fig. 7(a) ). The H-mode is triggered after the ICRF injection. In the H-mode with LHW modulation phase, the loop voltage is modulated with the LHW period. The modulated LHW power was expected to mitigate the ELMs by the helical current filaments in the SOL region [28] . In a time window (t=5.1-5.4 s) where density (line integrated) and plasma current are nearly constant, it is shown in Fig. 7(b) that the loop voltage is lower with the LHW power, while the loop voltage is higher without the LHW power. By averaging the data in several LHW modulation periods, the normalized loop voltage change, ∆V /V , is ∼0.178 in this discharge. To evaluate the LHCD contribution in the long pulse discharge, Fig. 8 shows an analysis on the change of the loop voltage by LHCD of 1.2 MW. Here, the plasma density is (2.8-4.5)×10
19 m −3 . The plasma current varies from 300 kA to 450 kA. In fact, the normalized loop voltage change is a rough description of how much magnetic flux was saved by LHCD. It is shown that the flux saved, or, the ability of driving current is decreasing with the plasma density in these H-mode plasmas. This is similar to the study of Ref. [27] . Here we investigated the loop voltage change during the LHCD Hmode plasmas, rather than the LHCD efficiency η exp . This indicates that all other effects such as hot conductivity and bootstrap current have been considered as part of the whole LHCD effect. This could be correct from the engineering point of view (flux saving). 
Discussion and summary
We have done current calculations using ONETWO and GENRAY code. The present analysis is based on the profile shapes measured in experiment. However, the T i profile in the edge is in fact assumed. The current driven efficiency model we are using in GENRAY is described in Ref. [31] . The current driven efficiency η a function of η = (Z, ε, θ, w), where Z is the ion charge number, ε the inverse aspect ratio, θ is the poloidal location and w = ω/k || v e is the RF wave phase velocity normalized to the electron thermal velocity. So the ion temperature will NOT affect the η. That is, the assumption of the T i profile in the present work would not affect the results. However, the effective charge number Z eff does have an effect on the η. We have done the simulation by increasing the Z eff 50% and found that the driven current reduces less than 15%. This indicates the effect of Z eff is small.
The results shown in section 2 indicate that the volt-second can sustain the plasma currents in the two scenarios. However, another two important issues i.e. MHD stability and heat flux in the divertor target, have not been considered yet. Both issues could limit the plasma performance and plasma discharge duration. In scenario 1, although the plasma with q min ≥1 will be free of sawtooth which is one important trigger factor of the neoclassical tearing modes (NTMs), the occurrence of dangerous 2/1 and 3/2 NTMs is still possible, which will degrade the plasma beta and even terminate the discharge. It is noted that the NTMs have been observed on EAST [29, 30] . The real-time stabilization of the NTMs using ECCD will be available in the near future on EAST. As shown in section 2, the 2/1 and 3/2 NTMs could be avoided in scenario 2 due to q min >2. In both scenarios, if the assumed 20% of the injected power radiated in the plasma core, then 80% of the power will cross the separatrix and transport to the divertor target. According to the scaling of divertor power footprint width on EAST, the heat load on divertor target is estimated to be 6.6 MW/m 2 and 4.6 MW/m 2 for scenario 1 and scenario 2, respectively. To facilitate the high power operation, the upper divertor on EAST has been upgraded to ITER-like tungsten monoblock target structure with active water cooling, to allow for high heat load on divertor targets up to 10 MW/m 2 . In the near future, the bottom divertor will also be upgraded to this kind of W target. It seems that the heat load in both scenarios will not be a big problem.
In summary, we have proposed two scenarios to realize RF heating sustained long pulse H-mode operation with β N ≤2 based on the current calculations using ONETWO and GENRAY codes. Results show that the volt-second available on EAST can sustain the two operation scenarios. Based on this volt-second analysis, it is expected that the realization of the two planned experiments, i.e., a stationary 10 s type-I ELMy H-mode with I p =400 kA, H 98 ∼1, β N ∼2 and an 100 s type-I ELMy H-mode at relatively lower plasma parameters (I p =280 kA, H 98 ∼1, β N <2), will be possible.
